Summary. Immunohistochemical demonstration was made of the peptidergic nerves distributed in the central lacteal lymphatics of the canine duodenal villi. The central lacteal-associating nerve fibers were predominantly immunoreactive for both substance P (SP) and calcitonin gene-related peptide (CGRP). Observation of doubly immunostained sections evidenced that both peptides were located in one and the same nerve fibers. The SP/CGRP-immunoreactive fibers were concentrated in the intermediate portion of the villus height. Ultrastructurally, the SP/CGRP-immunoreactive nerve fibers ran closely beneath the endothelial cells of the lacteal, some of them penetrating into the cytoplasm with knob-like swellings. The immunoreactive products were localized to large-cored vesicles in the sub-and intraendothelial nerves.
The occurrence of SP and CGRP in the nerve fibers distributed in the central lacteals which lack smooth muscles implies that these nerves may be sensory in nature. A mechanoreceptive function of the nerves is proposed on the basis of their peculiar knob-like projection into the lacteal endothelium.
The central lacteal lymphatics in the intestinal villi display a lymphatic system with a highly active lymph flow. The lymph flow is considered to be caused by the rhythmical contraction of smooth muscle cells which ran longitudinally in the core of the intestinal villi (CAMPBELL and HEATH, 1973; HALL et al., 1965; MCHALE et al., 1980) . The activity of smooth muscle cells should be controlled by autonomic neurons which are conspicuously numerous in the lamina propria of the villi (BULBRING et al., 1970; MCHALE et al., 1980) .
No specialized relationship had been recorded between the nerve elements and the central lacteal lymphatics until our recent demonstration under the electron microscope of an intimate relationship of the nerve terminals with the endothelium of central lacteals in the duodenal villi of the dog (ICHIKAwA et al., 1989 (ICHIKAwA et al., , 1990 . These nerve terminals contained numerous large-cored vesicles which probably corresponded to the storage sites of peptidergic transmitters (HOKFELT et al., 1980) . Some of the nerve fibers to the central lacteals were found to penetrate into the endothelial cells. We felt that the rich innervation of the central lacteals was an enigmatic image because these lymphatic vessels were lacking in those smooth muscles regulated by nerves.
The present study aims to identify the types of nerves distributed in the central lacteal lymphatics in the canine duodenum. Since peptidergic neurons are predominant in the intestinal mucosa, their identification was performed by immunohistochemistry using antisera against various neuropeptides at light and electron microscopic levels.
MATERIALS AND METHODS
Six adult mongrel dogs (7-10kg in body weight) were used in this study. The animals were deeply anesthetized with an intravenous injection of sodium pentobarbiturate (15mg/kg body weight). In order to wash out the blood, the vascular bed was perfused with 500ml of Ringer's solution through a catheter inserted into the thoracic aorta. The dogs were then perfused through the thoracic aorta with 4% paraformaldehyde in 0.1M phosphate buffer, pH7.4. Tissues were removed from the duodenal bulb, dissected and immersed in the same fixative for 6h at room temperature. After fixation, the specimens were immer-241 sed for 2 days in 30% sucrose solution. They were rapidly frozen in liquid nitrogen and cut at a 15um thickness by a cryostat.
The cryostat sections were pretreated with a normal pig serum diluted at 1:20 for 30min and incubated overnight at room temperature with polyclonal antisera raised against each of the following peptides; 1) substance P (SP) (at a dilution of 1:2,000; R2402, Dr. N. YANAIHARA, Japan); 2) rat calcitonin gene-related peptide (CGRP) (1:4,000; RPN. 1842, Amersham, England); 3) vasoactive intestinal polypeptide (VIP) (1:2,000; R502; YANAIHARA et al., 1977) ; 4) gastrinreleasing peptide (GRP) (1:3,000; R 6902, YANAIHARA et al., 1981) ; 5) neuropeptide Y (NPY) (1:4,000; RPN. 1702, Amersham, England); 6) Met-enkephalin-ArgGly-Leu (Met-EK-8) (1:3,000; R0171; NIHEI and IWANAGA, 1985) ; and 7) galanin (1:2,000; R0672, Dr. N. YANAIHARA, Japan). The sites of the antigenantibody reaction were revealed by the ABC (avidinbiotin complex) method using a Biotin-Strepto-Avidin Immunostaining Kit (BioGenex Lab, Doublin, U.S.A.).
Double immunofluorescence staining
The CGRP antiserum used for double staining was the same as that used in the ABC method, while for the SP antibody, the rat monoclonal antibody (NCI/ 34-HL, Sera-Lab, England) was employed. Cryostat sections were first incubated with the rabbit CGRP antiserum diluted at 1:400 for 2h, followed by fluorescein isothiocyanate (FITC)-coupled porcine antirabbit IgG (Dakopatts, Denmark) diluted at 1:20. Immunostained sections were thoroughly washed in a phosphate-buffered saline and then incubated with the rat monoclonal antibody against SP diluted at 1: 100 for 2h. The site of antigen-antibody reaction was revealed by rhodamine-labelled goat anti-rat IgG (Cappel, U.S.A) diluted at 1:20. Double-stained sections were observed and photographed under a Leiz Ortholux equipped with a fluorescence vertical illuminator (Ploemopak 2.2). The specificity of the immunostaining was confirmed as follows: for the SP antibody, when a rat normal serum or antigen-absorbed antibody was substituted, only FITC-fluorescent nerve fibers were recognized. On the other hand, when a rabbit normal serum or antigen-absorbed antiserum was used instead of the CGRP antiserum, only rhodamine-fluorescent nerve fibers were present. The immunohistochemical staining of neuropeptides indicated that nerve fibers immunoreactive for SP, CGRP, VIP were numerous in the villi, while GRP, NPY, Met-EK-8 and galanin-positive fibers were rare.
The SP and CGRP-immunoreactive nerve fibers appeared to display similar localizations and running patterns, suggesting that SP and CGRP were colocalized in the same nerve fibers. This idea was confirmed by means of double immunofluorescence staining using the rabbit antiserum against CGRP (FITC) and that against SP (rhodamine) (Fig. la, b) .
The VIP-immunoreactive fibers were closely related to smooth muscles and subepithelial vascular beds, and only occasionally appeared around the central lacteals. The present paper will therefore focus on the distribution and ultrastructure of the
Figs. 2 and 3. CGRP- (Fig. 2) and SP-immunoreactive nerves (Fig. 3) in the duodenal villi of dogs. ABC immunostaining.
Numerous immunoreactive nerve fibers with varicosity are densely distributed throughout the duodenal villi. X90 2 3 SP/CGRP-immunoreactive nerve fibers. In the proximal portion of the villus, the major population of the SP/CGRP-immunoreactive nerves ran along the fasciculi of smooth muscle fibers which were located closer to the villous axis (Figs. 2, 3) .
In the intermediate portion, the SP/CGRP-immunoreactive nerves ran along the bundles of smooth muscle cells and also extended a dense network to the subepithelial regions. Another dense distribution of the nerves, noteworthily, was found around the central lacteal lymphatics (Figs. 4, 5) . The lymphaticassociated nerves took a course very close to the endothelial cells of the central lacteal.
In the distal portion of the villus, the SP/CGRPimmunoreactive fibers revealed a dense distribution in the subepithelial region which were rich in capillaries (Fig. 6) . Though several immunoreactive nerves still ran along the fasciculi of the smooth muscle fibers, they were seldom seen around the central lacteal.
Immunoelectron microscopy
The SP or CGRP-immunoreactive nerves were easily identified under the electron microscope, due to the electron-dense reaction products. Only in the intermediate portion of the villus were the nerves found in close association with the endothelium of the central lacteal. Grouped or single immunoreactive nerve fibers were located immediately beneath the endothelial cells of the lacteal lymphatic (Figs. 7-9 ). The nerve fibers, exposed from their Schwann sheaths, made contact for a long distance with the basal cytoplasm of endothelial cells partly intercalated by the basement membrane, partly without their intercalation (Figs. 7, 8) . The nerve and endothelial cells made contact over a 15-35nm wide slit, showing no structural specialization of their membranes. Some isolated fibers invaded the cytoplasm of the endothelial cells, often showing profiles of knob-like swellings (Fig. 9) .
Immunoreactivies for SP and CGRP were localized mainly in large cored vesicles 60-90nm in diameter, though part of the axoplasm was spotted with presumed perfusions of immunoreactive substances (Figs. 7-9 ).
DISCUSSION
The intestinal villi are known to be rich in nerve fibers which are mainly distributed in the subepithelial region and associated with smooth muscles running along the villous core (FURNESS and COSTA, 1987) . Recently, we demonstrated by electron microscopy a hitherto unknown dense innervation in the intestinal villi of the dog: a great number of nerve fibers were found to gather directly on the central lacteal lymphatics (ICHIKAWA et al., 1990) . Here, nerve fibers contacted the lymphatic endothelium, with some even penetrating the endothelial cells. We further demonstrated large-cored vesicles in these nerves, suggesting their peptidergic nature.
The present immunohistochemical study indicated that the central lacteal-associated nerves in the dog predominantly contained SP and CGRP, and that these two neuropeptides were localized in identical nerve fibers. As is widely known, SP and CGRP show a general tendency to co-exist throughout the peripheral nervous system (ISHIDA-YAMAMOTO and ToHYAMA, 1989) .
The lymphatic vessels of small diameter are generally believed to be lacking in nervous supply. OHHA-SHI et al. (1982 , 1983 have reported that peptidergic nerves containing VIP and NPY are associated with lymphatic vessels in the bovine mesenterium to regulate their contraction and dilation. However, the materials used by OHHASHI et al. (1982 OHHASHI et al. ( , 1983 were large lymphatics with a developed muscular layer which might correspond in construction to that of arterioles.
Since the central lacteals in the intestinal villi of dogs are not equipped with any smooth muscle cells, the lacteal-associated nerves may be not vasomotors, instead being sensory in nature. This idea is supported by the present immunohistochemical demonstration showing that most of the nerve fibers contained SP and CGRP which are, typically, characteristic of primary sensory neurons (GIBSON et al., 1984) . These nerve fibers penetrated into the lymphatic endothelial cells as if to be anchored to the cells. It would not seem unreasonable to propose that the endothelium attached with nerves may represent a mechanoreceptive complex, serving for the detection of luminal pressure or endothelial extension.
It is, however, worthy to note that a chemoreceptive function for the detection of small molecular substances diffusible from the lacteal lumen through the thin layer of endothelial cytoplasm may not be excluded.
The present immunostaining at the electron microscopic level demonstrated that the immunoreactivities for SP and CGRP were cnoncentrated on the large-cored vesicles, being more amply contained in swollen portions of the lymphatics-associating nerve fibers. Recently, the release of bioactive substances at the distal ends of afferent fibers has attracted attention (MAGGI and MELI, 1988 ). An experimental study demonstrated that a scalding injury to the skin caused an increase in immunoreactive SP levels in the lymph fluid, suggesting the release of SP from the sensory nerve endings into lymphatic vessels (JoNS-SON et al., 1986) . According to our previous observations, however, the knob-like nerve fibers invaginating into the basal cytoplasm of lymphatic endothelial cells were poor in cell-organellae, including largecored vesicles (ICHIKAWA et al., 1989 (ICHIKAWA et al., , 1990 . The immunoreactivities for SP/CGRP were found in this study to be considerably low in the portions in- (Fig. 8) . The electron-dense immunoreactivity was observed mainly in large cored vesicles (Figs. 7, 8) . In Fig. 9 , an immunoreactive nerve element (arrow) penetrates into the cytoplasm of an endothelial cell. N nucleus of endothelial cell, S smooth muscle cells. Although the functional significance of SP and CGRP to the intestinal lymphatic system remains to be elucidated, some interesting studies are available. It has been shown that a capsaicin treatment, which is known to deplete SP from primary sensory neurons (JESSELL et al., 1978) , reduces oedema formation after scalding (SARIA and LUNDBERG, 1983; SARIA, 1984) . It is likely that SP or CGRP in the intestinal villi regulates the intravillous fluid volume by changing the permeability of lymphatic endothelial cells. On the other hand, recent studies have suggested that CGRP and other neuropeptides secreted from sensory nerve terminals induce and activate leucocytes and macrophages (PAYAN et al., 1987; PECK, 1987) . Noteworthily, we have observed in the intestinal villi of dogs that numerous lymphocytes and granulocytes are gathered in the central lacteals in which endothelial cells are richly innervated (ICHIKAWA et al., 1989 (ICHIKAWA et al., , 1990 . 
